Abstract Chronic abuse of cocaine is known to cause neuroadaptive changes in the nucleus accumbens (NAc) and ventral tegmental area (VTA). In addition, altered expression of the myelin-related genes MBP, MOBP, PLP1 as well as of MAL2 in NAc was recently reported by gene array analysis in brains from cocaine abusers. In the present study we used in situ hybridization to quantify transcript expression of these four genes, as well as for the myelin-related transcripts encoding quaking, EDG2, claudin-11, transferrin, CNP, and MAG in caudate, putamen, internal capsule, and NAc in postmortem brain from cocaine abusers and matched comparison subjects. Most transcripts were not different between these groups in these striatal regions, and contrary to previous reports, we did not detect any changes in the NAc. However, expression of the transcript encoding PLP1 was significantly decreased in ventral and dorsal regions of the caudate, putamen, and in the internal capsule. Additionally, expression of claudin-11 and transferrin was decreased in the caudate and internal capsule, respectively. PLP1 is expressed at very high levels in oligodendrocytes and is essential in maintaining stability of myelin sheets. Based on these findings, altered expression of PLP1 in most areas of the striatum suggests that widespread changes to the myelin structure could be associated with the adaptive changes following chronic cocaine abuse.
Introduction
Cocaine and its derivatives are among the most frequently abused drugs in the world, and are second only to alcohol as the leading cause of drug abuse treatment admissions in the US [1] . The underlying neurobiology of drug abuse and addiction has been at the center of intense research, resulting in identification of multiple cellular and neurological adaptations. However, the complex pathophysiology of drug abuse in terms of identifying molecular pathways and differences related to specific drug types, frequency, and duration of abuse (acute versus long-term effects) have only in recent years started to emerge [2] . The brain areas critically involved in cocaine-induced modulation of neurotransmission and behavioral sensitization include the striatum, and in particular the mesolimbic dopamine system, consisting of the ventral tegmental area (VTA), nucleus accumbens (NAc) and their afferent and efferent connections [3] . Chronic administration of cocaine to animals causes structural and functional adaptations to dopaminergic and glutamatergic neurotransmission in both the VTA and NAc, as well as in cortical areas with projections to these areas [4] [5] [6] [7] . Interestingly, the changes of mesolimbic neurocircuitry appear similar to those associated with experience-dependent plasticity. Accordingly, chronic drug addiction including sensitization has been suggested to represent an extreme form of learning, and has been proposed as a model to study cellular mechanisms of plasticity [4, 8] . In addition to the biochemical changes in NAc and VTA, extended periods of drug use likely progress to include changes in other brain areas, including prefrontal cortex and hippocampus, as well as additional involvement of the basal ganglia including dorsal areas of the striatum [9] .
Studies in postmortem tissue have identified multiple structural and neurochemical changes in the human brain following extended cocaine abuse [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . These include changes in gene expression, which indicate involvement of similar pathways for addiction [20] . Altered expression involve gene products such as the CART, BDNF, and alpha-synuclein molecules [16, [21] [22] [23] and involve, in addition to the dopamine system, the GABA and glutamate neurotransmitter systems [3, 7, 24] .
A recent unbiased gene-array study with subsequent target validation by real-time quantitative polymerase chain reaction (Q-PCR) led to the identification of cocaineinduced altered expression in the NAc of multiple genes, including a group of myelin-related proteins that is involved in establishment and maintenance of myelin sheaths [25] . Altered myelin-associated gene expression has also been associated with excessive alcohol consumption in human alcoholic brain [26] [27] [28] and in animals treated chronically with ethanol [29] . Several such molecular changes have been noted for different drugs of abuse and therefore might represent more general adaptations to addiction [30] . However, in a subsequent study, Albertson et al. [31] found that altered expression of myelin related transcripts was selectively associated with cocaine abuse and not changed in subjects abusing heroin. These findings of drug-selective neurochemical adaptations to white matter gene expression by cocaine and not heroin suggests that the pathophysiology of cocaine addiction may involve, in addition to neuronal adaptations, selective changes in white matter [18, 31] .
In the present study, we used in situ hybridization to investigate expression of ten myelin related genes in the striatum of postmortem brain from cocaine abusing subjects. All of these genes, except MAL2 are specifically expressed by oligodendrocytes in the CNS where they are involved in different aspects of myelin function and maintenance [32] [33] [34] [35] [36] [37] . Myelin in the CNS, which exists as compact and noncompact forms, is essential for nervous system function. We have included molecules that were previously identified as abnormally expressed in NAc [18, 25] , as well as six additional white matter-related transcripts that have previously been found to be abnormally regulated in other neuropsychiatric illnesses, including schizophrenia [38] [39] [40] [41] [42] . Although these myelin proteins presently are not well characterized, they can be divided into two groups; a group of transmembrane glycoproteins, which include the MOBP, PLP1, CLDN-11, EDG2 and MAG molecules and a group of cytosolic proteins consisting of the MBP, CNP, QKI and transferrin proteins [43] . These proteins are expressed either in compact (PLP1, MBP, CLDN-11, MOBP, QKI) or noncompact myelin sheats (CNP, MAG) and several studies have associated these proteins with functions such as lipid binding, structural compaction, transmembrane transport, binding of inorganic molecules, and oligodendrocyte differentiation [43, 44] .
Experimental Procedure

Postmortem Tissue
Brain specimens were collected during routine autopsy according to a protocol approved by Wayne State University's Human Investigation Committee, as previously described [16, 31] . All brains were tested for common drugs of abuse by quantitative analysis of samples from brain, blood, or urine. Chronicity of cocaine abuse was determined after medicolegal examination based on documented history of cocaine abuse, cardiovascular findings, as well as positive toxicology for cocaine or its metabolites. Cocaine abusing subjects (COC) had positive cocaine-related toxicology, and all subjects (CON and COC) tested negative for other drugs of abuse including opiates, barbiturates, benzodiazepines, phencyclidine and other medication except for the presence of subintoxicating levels of alcohol in two controls and two cocaine users (ethanol levels less or equal to 0.07 g/dl). None of the subjects showed evidence of chronic alcohol abuse. Postmortem interval (PMI) for all subjects was less than 20 h. However, exact PMI and length of cocaine abuse could not be determined. Tissue from cocaine abusers and controls was matched pair-wise for age, gender, and pH (Table 1) .
Following dissection of the brain into coronal slabs, a block of striatum was dissected containing nucleus accumbens, putamen and caudate. Tissue was flash frozen in isopentane cooled in liquid nitrogen, and stored at -80°C until further processing. For in situ hybridization, striatal tissue was thawed to -20°C, sectioned in a microtome at 12 lm, and thaw-mounted on polylysine-precoated 75 9 50 mm microscope slides and stored at -80°C until use.
Preparation of cDNA Clones cDNA clones were generated by PCR amplification of regions specific for each gene product from a human brain cDNA library (Clontech). For genes with multiple splice variants, PCR amplicons were selected that recognize all known isoforms ( fragments were subcloned into the pCR-Blunt II-TOPO vector (Invitrogen). Sequence of inserts was confirmed by nucleotide sequencing.
Probe Labeling and In-Situ Hybridization [S 35 ]-labeled sense and antisense RNA probes were synthesized using SP6 and T7 RNA polymerase as previously described [45] . Briefly, 100 lCi dried [S 35 ]UTP was mixed with 1.5 lg linearized plasmid, 2 ll transcription buffer (59; Promega), 3 mM NTPs (CTP, ATP, GTP), 1 ll 0.1 M dithiothreitol (DTT), 0.5 ll RNAse inhibitor and 25 units SP6 or T7 (Promega) in a total volume of 10 ll and incubated at 37°C for 2 h. Following incubation, probes were DNAse treated (1 ll DNAse1 for 15 min at room temperature (RT)), diluted in G50-50 buffer (100 mM Tris-HCl, 12.5 mM EDTA, 150 mM NaCl, and 0.2% sodium dodecyl sulfate, pH 7.5) and purified using micro Bio-Spin P-30 chromatography columns (Bio-Rad). Following addition of 1 ll 1 M DTT, probe activity was determined by scintillation counter analysis.
In situ hybridization was performed according to our previously published protocol [46] . Briefly, for each probe 2 slides per subject were fixed for 1 h in 4% (W/V) formaldehyde. Following several washes in SSC buffer (300 mM NaCl, 30 mM sodium citrate, pH 7.2) and dehydration in graded ethanol solutions, slides were incubated with probe corresponding to approximately 1.5 9 10 6 cpm in 150 ll 50% hybridization buffer overnight at 55°C. On the next day, unhybridized riboprobe was removed by consecutive SSC washes and RNAase treatment. Following dehydration in graded ethanol washes, slides were dried for 1 h at RT and apposed to a BIOMAX-MR film (Kodak) for 1 to 3 weeks. Sense and antisense [S 35 ]-labeled RNA probes were run in parallel in separate experiments to test for antisense probe specificity.
Image and Data Analysis
Images of each slide were captured with a CCD based imaging system using Scion Image 4.0.2 software (Scion Corporation). In order to accurately measure transcript expression in caudate and putamen, which for most probes were localized to isolated darker stained islands of white matter (Fig. 1) , we used a density slice tool to specifically target and measure gray scale values (GSV) above tissue background levels. This approach excluded the non-labeled surrounding grey matter from analysis. GSVs were measured in dorsal and ventral compartments of caudate, putamen, and internal capsule as well as in the NAc (Fig. 1) . Tissue background, which was measured by density slice analysis in non-labeled gray matter areas, was subtracted from specific GSV. Observations were averaged between the two slides to generate one value for each analyzed region and converted to amount of bound radio- After confirming that data were normally distributed (Kolmogorov-Smirnov test), statistical analysis comparing COC versus CON for each region was performed using two-tailed paired t-tests. Comparison of dorsal and ventral expression levels was done using analysis of variance (ANOVA) with region as an independent measure followed by posthoc analysis by Tukey's multiple comparison test. For all analyses a = 0.05.
Results
We analyzed transcript expression in striate subregions from 10 matched pairs of cocaine abusing individuals and comparison subjects for molecules that are known to be involved in maintenance and function of myelin in the CNS, including myelin basic protein (MBP); 2,3-cyclic nucleotide 3-phosphodiesterase (CNP); myelin associated glycoprotein (MAG); transferring (TFN); endothelial differentiation gene 2 (EDG2); myelin T-cell differentiation protein 2 (MAL2); myelin-associated oligodendrocyte basic protein (MOBP); claudin-11 (CLDN11); quaking (QKI); and proteolipid protein (PLP1) ( Table 2) . We detected expression of all transcripts in the striatum in all subjects. For all genes except MAL2, expression was principally associated with white matter, with intense labeling of the internal capsule (IC) and in a punctuate pattern within the caudate and putamen (Fig. 1) . Generally, very few positively labeled puncta were present for any of these genes in NAc. MAL2 transcript expression was not detected in IC and was uniformly expressed in the gray matter masses of the striatum, including NAc. MAL2, unlike the MAL2-related myelin and lymphocyte protein (MAL) [48, 49] , which is involved in myelin-related functions, likely is not expressed by oligodendrocytes but is rather expressed in polarized cells including neurons where it is involved in apical cell transport [50] .
We found highest expression of transcripts for MBP and PLP1, with average expression levels across all regions in excess of 3 fmol/g (Fig. 2) . This is in agreement with the predominant expression of these molecules among the myelin-specific genes expressed by oligodendrocytes [44] . The other transcripts were expressed at low levels. We did not find significantly different expression levels between dorsal and ventral regions for any of the molecules analyzed.
In all striatal regions except NAc, expression of PLP1 was significantly decreased in the cocaine abusers (Fig. 3) ; including changes in caudate (dorsal: t = 3.76, df = 9, P = 0.005; ventral: t = 3.82, df = 9, P = 0.004), putamen (dorsal: t = 2.67, df = 9, P = 0.026; ventral: t = 3.72, df = 9, P = 0.005), and intertal capsule (dorsal: t = 3.40, df = 9, P = 0.008; ventral: t = 5.10, df = 9, P = 0.0006). In addition, we found decreased expression of CLDN11 in dorsal caudate (t = 2.26, df = 9, P = 0.05) and of TFN in ventral internal capsule (t = 2.58, df = 9, P = 0.03). We did not find altered expression of MAL2, MOBP, QKI, EDG2, CNP, MAG, and MBP in any of the striatal subregions analyzed.
Discussion
In the present study we have measured transcript expression of MAL2 and the myelin related molecules MBP, MOBP, and PLP1 that were previously reported altered in NAc cocaine abusing subjects [25] . Furthermore, we have analyzed expression of other myelin related molecules expressed by oligodendrocytes, including transcripts encoding QKI, EDG2, CLDN11, TFN, CNP, and MAG.
The most robust finding in this study was decreased expression of PLP1 in all regions of the striatum except NAc in cocaine abusers. Altered expression of PLP1 was previously reported in two independent gene-array studies [25, 51] . PLP1, which constitutes approximately 50% of all protein in myelin sheaths in the CNS, is a complex transmembrane alternatively spliced structural protein, involved in establishing and maintenance of compact myelin sheaths, in addition to directly participating in the interaction of oligodendrocytes with axons [35, 52, 53] . Expression of PLP1 is tightly regulated with peak expression during periods of active myelination in the developing nervous system. Increased or decreased expression of PLP1 as a result of point-mutations or duplications of the PLP1 gene cause dysmyelination of axon tracts and has been associated with pathologies such as Pelizaeus-Merzbacher disease (PMD) and X-linked spastic paraplegia type 2 (SPG2) [35, 52, 54] . In addition, expression of the PLP1 transcript was reported decreased in temporal cortex in schizophrenia [55] . The severity of the mutant PLP1 phenotypes has been studied extensively in human postmortem brain as well as in rodent experimental models. These studies have illustrated the complex nature of this molecule and have led to the realization that PMD and SPG2 are caused by both dosage effects as well as altered molecular function caused by missense mutations. In addition, these effects are highly influenced by genetic background. While the role of PLP1 in the CNS is not entirely clear, it likely involves additional functions beyond stabilizing myelin membranes, including intracellular transport and signaling [35, 52, 53] . The finding of decreased expression of transcripts for PLP1 in the present study is therefore consistent with a general dysmyelination phenotype as a result of severe long-term cocaine abuse that might not form part of the initial neuroadaptive changes described in animal models. Addiction has been proposed to gradually involve additional areas of the basal ganglia, cortex, and hippocampus, including more dorsal striatal regions [9] . Decreased expression of PLP1 in these regions therefore might represent more chronic effects of cocaine abuse on myelin structure. Interestingly, recent studies using diffusion tensor imaging, which measures diffusion of water in the CNS and can be used as a marker for myelination, have reported evidence for reduced integrity of myelin sheets in cocaine dependent subjects [56, 57] .
We speculate that the long-term adaptive changes of myelination in the striatum reflect specific cocaine-mediated changes of the biochemical neurocircuitry rather than a nonspecific toxic effect on oligodendrocytes. This is based on several observations, including that changes to PLP1 expression were not associated with all areas of the striatum, changes were previously reported to be associated specifically with cocaine abuse (not heroin) [31] , and expression of transcripts for other myelin-related molecules was not altered. In addition, unaffected expression of the other main structural myelin protein, MBP, which is largely coexpressed with PLP1, suggests that decreased PLP1 expression is not due to a general reduction of myelin membranes or oligodendrocytes, but represents a specific neuroadaptive regulation of gene expression in response to cocaine abuse. In addition to PLP1, we identified decreased expression of CLDN11 and TFN. Consistent with its requirement for myelin production, iron is primarily associated with oligodendrocytes in the CNS [58] . TFN, which acts as mobile carrier of iron, is essential for myelination, and may regulate expression of other myelin genes including MBP [59] [60] [61] [62] . Interestingly, altered TFN expression has been associated with schizophrenia and expression of TFN and MBP during development has been reported delayed in animals following chronic ethanol treatment [29, 38, 63] . CLDN11 is a developmentally regulated protein that is expressed in interlamellar strands of myelin sheaths [64, 65] , and is involved in establishment of tight-junctions in myelinating cells and has overlapping functions with PLP1 in maintaining myelin's structural integrity [66] [67] [68] [69] . Based on these functions, decreased CLDN11 and TFN expression could compromise myelin function and structural integrity.
Unlike previous work by Albertson et al. [25] , we found relatively few changes in oligodendrocyte-related transcript expression in the striatum of cocaine abusing subjects, and none associated with the NAc. This inconsistency might be explained by several methodological factors that are different between this and the previous study. First, unlike Albertson et al. where homogenized tissue corresponding to medial parts of NAc was used, in the present study gene expression was quantified selectively within white matter puncta throughout the entire NAc although we saw no obvious medial to lateral gradient in expression of these transcripts. Second, despite advances in the use of gene array technology in human postmortem research, this method is inherently associated with significant problems, including identification of false positive findings [70] . These problems have, to a certain extent, been accommodated through secondary target validation, which often involves Q-PCR of positively identified target transcripts. Of note, all isoforms for the 10 transcripts in this study are detected by the Affymetrix GeneChip Array set (HG-U133) used by Albertson et al. [25] , and the probes used in the present study also hybridized to all known isoforms. Hence, methodological differences between gene array, PCR, in situ hybridization in addition to divergence in cohort characteristics might account for the dissimilarities observed between the present findings and those reported by Albertson et al. [25] .
In summary, we examined striatal expression of myelin related genes in postmortem brain from cocaine abusers. Decreased expression of PLP1, TFN, and CLDN11 suggest that altered myelin structure and integrity may be part of the phenotypic changes induced by chronic cocaine abuse.
